shallow cavity for the stimulation electrodes at approximately above the barrel cortex and at the anterior midline area (2-5 mm anterior to bregma, Fig. 1B; Fig. S1 ) of the skull. The stimulation electrodes were placed in the cavities, with the conductive pads facing the skull, and fixed with cyano-acrylic glue to the bone, so that the conductive pads of the flex cable were completely isolated from the surrounding temporal muscles. Two miniature stainless steel screws driven into the skull above the cerebellum, served as ground and reference electrodes, respectively. A copper mesh shielding was created around the head implant to protect and electrically isolate the recording electrodes and preamplifiers from electrical noise of the environment (29) . The connecting wires of the stimulating electrodes were brought outside the grounded copper mesh to reduce the electromagnetic interference between the stimulation and recording circuits.
The recorded signals were preamplified (20x gain) and split for recording LFP and unit activity from all sites on the one hand and for computing current source density (CSD) in real time for each tripolar electrode on the other. CSD signal was computed on-line by a custom-designed circuit, following the following formula: CSD = 2B-(A+C), where A, B, and C the electrodes positioned at equally increasing depths in the neocortex (Fig. 1) . The computed CSD and the original LFP signals were further amplified 50 times, bandpass-filtered between 0.1 and 5 kHz and stored after digitization at 20 kHz sampling rate per channel. The CSD signals were virtually free of stimulation artifacts and did not saturate the amplifier even during relatively intense stimulation. Extracellular spike waveforms and local LFP components were not distorted during TES (18) .
Nine rats with spontaneously recurring spike-and-wave (SW) episodes (30) were included in the present study. SW patterns were detected real time from a tripolar recording site with the best CSD signal amplitude/stimulation artifact ratio. The derived CSD trace was filtered using 4 th order analog Butterworth band-pass filter between 10 and 130 Hz. The spike components of the SW patterns were detected as voltage crossings at a preset threshold level using an analog voltage comparator after inverting and half-wave rectifying the CSD signal. The generated 'spike detection signal' was used to trigger TES. To avoid false detection of spurious spikes due to the stimulation artifacts, the stimulator was gated using a re-triggerable monostable multivibrator with a 80 msec protective delay. In addition, the threshold signal was integrated so that a pulse was generated only if at least 2 CSD spikes occurred within 200 ms. This procedure prevented TES pulses to be triggered by cable movement-generated and other transient artifacts.
Closed-loop transcranial electrical stimulation
Transcranial alternating current stimulation was performed with two electrode configurations (18) . For equal intensity and polarity stimulation of both hemispheres, the frontal midline electrode was chosen as one polarity and the two connected parietal electrodes as the opposing polarity. Alternatively, the stimulation was delivered to the left and right parietal electrodes.
Both stimulus combinations were tested in each animal, and the configuration with the highest modulation index (see below) was selected for testing the effect of TES on SW activity. Stimulation signals were generated by a computer-controlled waveform generator, and capacitance-isolated by a precision isolation amplifier circuit. The floating (animal) side of the circuit was powered using two 9 V batteries. Two different stimulus waveforms were used in all experiments. A continuous 1-Hz sinusoid stimulus of various intensities was used to examine neuronal entrainment in the initial experiments. For the closed-loop TES experiments, a 50-ms long Gaussian waveform, triggered by the SW detection signal, was employed. The delay between the spike component of the SW and the stimulus onset was 0, 10 or 40 ms so that TES coincided with the spike, the onset or the peak of the wave component of the SW pattern.
The strength of the intracerebral voltage gradient was calculated as a mean ratio of amplitude differences across pairs of recording electrodes in the axis of the stimulation and their spatial distances. The maximum stimulus amplitudes used in this study (4-5 V peak-to-peak) generated approximately 10 mV/mm voltage gradients, while the threshold for TES entrainment of neurons was approximately 1 mV/mm (18) . For sham stimulation, the animal was disconnected from the stimulus isolation unit. Each TES session consisted of multiple (n = 5 to 24) 10-min sham and 10-min TES epochs while the rat was sitting still in the home cage. TES sessions were repeated daily to examine the consistency of the TES effect across days and to test the effect of different intensities. The 'spike detection signal', the gating signals, and the pre-isolation stimulus signal were also recorded and stored.
Movement detection
To detect SW or TES-related movements, a 3-dimensional accelerometer was incorporated into the head stage (bandwidth: 500 Hz; ± 30 m/s 2 maximum sensitivity). The SW-or TES-triggered movement vector was calculated from the acceleration signals along the 3 main axes. High intensity of stimulation occasionally induced visible and detectable twitches or head movements (Fig. S4) . SW patterns were also associated with detectable head movements in a few rats (30) .
The mean head movement acceleration was calculated separately for SW episodes and for interictal (control) periods for both sham and TES recording sessions. These tests served to select TES intensities, which were subthreshold to induce significantly larger head movements than present during sham stimulation. In several animals, we also examined the effect of TES on the brain state. In agreement with a previous observation (18), TES did not induce arousal during sleep. To examine the potential arousal effect of TES, time resolved LFP spectra were analyzed during wake-sleep transitions and sleep. The LFP signal was transformed into the time-frequency domain using a multitaper Fourier transformation, and after whitening of the spectrogram, the brain state (awake vs sleep; REM vs. non-REM) was quantified on the basis of the theta/delta (4-8 Hz versus 1-4 Hz) and beta/delta (16-20 Hz vs 1-4 Hz) power ratio in 1-sec long windows (Fig.   S3 ). These control tests were carried out to exclude the possibility that TES induced modification of SW activity was brought about by a secondary effect of sensory feedback or a generalized state change of the brain (18) .
Data analysis
Detection of individual SW episodes was performed offline using a semi-automated method. SW episodes were detected from the off-line derived CSD signals. Similar to the on-line detection, the LFP was band-pass filtered with a 4 th order zero phase lag Butterworth filter between 10 and 130 Hz, and the peaks of the spike components, exceeding 2 standard deviation (SD) of the baseline activity, were detected. SW episodes were separately detected from each brain recording sites. For the determination of the duration of SW episodes, the detected durations were averaged. The threshold of spike detection was manually re-adjusted in cases when the automatic detection generated false positive or false negative events. Consecutive SW episodes were considered separate (i.e., non-continuous) if at least a 1-sec gap was present between them.
Events containing less than 3 spike components were excluded from the analysis. Multiple unit activity (MUA) was detected from the high-pass filtered (600 Hz) signals. Multiple unit spikes were generated by automated clustering and manual cluster cutting (31).
Instantaneous stimulus phase information for SW events and multiunit activity was calculated by
Hilbert-transformation of the recorded 1-Hz stimulus waveform. TES-modulation of unit firing was computed for both control epochs and SW episodes. MUA phase histograms were statistically evaluated by Rayleigh-test for circular data against a randomized uniform circular distribution of the same dataset (phase tags were randomized in the range of ±π radians). To determine the effect of TES on unit firing probability and the amplitude of SW activity, the data was binned into 10 bins of equal sizes (36 o each). Within each bin, 100-ms long LFP segments and multiple unit firing were realigned to the peak of the spike component of SW episodes (-20 before to +80 ms after the peak). A mean LFP waveform was calculated within each bin after linearly de-trending the individual LFP segments from multiple SW episodes. The amplitude of the spike component of SW was determined as a voltage difference between the peak of the LFP spike and the baseline (Fig. 2) . TES phase-dependent modulation index (MI) was calculated for the binned LFP patterns as the ratio of the difference and sum of the smallest and largest mean spike amplitudes. Modulation index for the multiple unit firing patterns were calculated in a similar way but using the firing rates during the spike components of SW (± 10 ms surrounding the LFP spike). Effectiveness of TES on LFP and MUA activity was tested statistically by performing a Student's t-test on paired samples on the binned modulation indices against randomly shuffled phase data. Note strong delayed suppression and rebound spiking activity. I-J. Two neocortical neurons.
Note delayed suppression and rebound spiking activity. Suppression of neuronal firing corresponds to the wave component of SW. C-F, waking mouse, G-J urethane anesthesia.
